Abstract. A technology for long-day (LD) lighting was evaluated for commercial production of ornamentals using a stationary high-pressure sodium (HPS) lamp with an oscillating aluminum parabolic reflector (rotating HPS lamp). We performed an experiment with four LD species (Campanula carpatica Jacq., Coreopsis grandiflora Hogg ex Sweet, Petunia ·hybrida Vilm.-Andr., and Rudbeckia hirta L.) to compare the efficacy of a rotating HPS lamp in promoting flowering with night-interruption (NI) lighting using incandescent (INC) lamps. Seedlings were grown under natural short-day (SD) photoperiods (12 h or less) and NI treatments were delivered from a 600-W rotating HPS lamp mounted at one gable end of the greenhouse or from INC lamps that were illuminated continuously for 4 h or cyclically for 6 min every 30 min for 4 h. Plants were grown at lateral distances of 1, 4, 7, 10, or 13 m from the rotating HPS lamp, which provided a maximum photosynthetic photon flux of 25.4 mmolÁm -2
-2
Ás
-1 (at 1 m) to 0.3 mmolÁm -2
-1 (at 13 m). Control plants were grown under an uninterrupted 15-h skotoperiod. Within 16 weeks, 80% or greater of the plants within each species that received NI lighting had a macroscopic visible flower bud or inflorescence, whereas all species but Petunia ·hybrida remained vegetative under the SD. Flowering of all species grown at 13 m from the rotating HPS lamp was delayed by 14 to 31 d compared with those under continuous INC. The weekly operational costs to provide NI lighting to a 139-m 2 greenhouse with one 600-W rotating HPS lamp or a standard cyclic INC lamp installation was estimated to be 80% to 83% lower compared with INC lighting for the entire 4-h NI. These results indicate that a rotating HPS lamp can be used to efficiently deliver LD lighting, but flowering time was delayed and flower number reduced in some species when the maximum NI light intensity was less than 2.4 mmolÁm -2
-1 .
During commercial production of floriculture crops, photoperiod is often manipulated to induce or prevent flowering in species that are photoperiodic. Species have been classified into photoperiodic response categories according to how the length of the skotoperiod controls flowering and development (Vince-Prue, 1975) . Long-day (LD) plants are those in which flowering is promoted under periods of darkness for less than a species-specific critical duration, whereas short-day (SD) plants flower only, or flower most rapidly, when the dark period exceeds a critical duration. LD and SD plants can be classified according to whether the photoperiod is required for flowering (qualitative or obligate) or if the photoperiod accelerates but is not required for flowering (quantitative or facultative). The photoperiodic flowering responses have been documented for many species of temperate ornamental annuals and herbaceous perennials (Cameron et al., 2007; Erwin and Warner, 2002; Mattson and Erwin, 2005; .
The production of most floriculture crops requires that plants be delivered to markets in flower on predetermined dates (Dole and Wilkins, 2004; Erwin and Runkle, 2007) . In retail garden centers, consumers prefer to purchase ornamental plants that are available in flower compared with those that are vegetative (Armitage, 1983; . In many temperate locations, the production of floriculture crops, particularly bedding plants and herbaceous perennials, begins when the natural photoperiods are short. Therefore, some commercial ornamental growers create artificial LD so that LD crops can be in flower and marketed in the spring.
To promote flowering in LD plants under natural short photoperiods, the daylength can be extended with artificial lighting. For example, flower induction occurred in Coreopsis verticillata L. 'Moonbeam' when a 9-h photoperiod was extended for 7 h with 1.0 mmolÁm -2
-1 from cool-white fluorescent, high-pressure sodium (HPS), incandescent (INC), or metal halide lamps (Whitman et al., 1998 ). An alternative method to deliver photoperiodic lighting is to truncate the period of darkness by providing night-interruption (NI) lighting (Vince-Prue, 1975) . During a 24-h cycle, complete, rapid, and uniform flowering of most LD species occurs when plants are illuminated with low-intensity lighting (2 mmolÁm -2
-1 or greater) for 4 h continuously during the middle of the dark period (e.g., 2200 to 0200 HR) (Mattson and Erwin, 2005; Runkle et al., 1998; Vince-Prue, 1975) . In some LD species, less than 4 h of continual NI can delay flowering. For example, in the obligate LD plant Rudbeckia fulgida Ait. 'Goldsturm', a 1-or 2-h NI delayed flowering by 22 d compared with a 4-h NI (Runkle et al., 1998) . Similarly, time to visible flower bud in the quantitative LD plant Petunia ·hybrida 'Red Cascade' increased from 21 to 50 d as the duration of NI lighting decreased from 4 to 0.5 h (Vince-Prue, 1975) .
Another NI lighting strategy is to provide cyclic or intermittent lighting. During cyclic lighting, INC lamps are turned on and off at specific intervals for a certain duration. Runkle et al. (1998) (Maginnes and Langhans, 1967) . Johansson (1976) , 1992) . This lighting system consists of a stationary HPS lamp with an oscillating aluminum parabolic reflector (rotating HPS lamp) that rotates 180°. The rotating HPS lamp can be mounted above a crop to provide an intermittent beam of light over the growing area. A rotating HPS lamp has been effective at preventing seedling dormancy in several coniferous species when used during the night (Omi and Eggleston, 1993; Tinus, 1995 Coreopsis grandiflora 'Early Sunrise' grown in 128-cell (12-mL) plug trays were received from the same commercial greenhouse and were grown until transplant in an environmental growth chamber as described previously but at an MDT of 21.0°C. Plants were irrigated as necessary with acidified well water (containing 95, 34, and 29 mgÁL -1 calcium, magnesium, and sulfur, respectively) supplemented with a water-soluble fertilizer providing (mgÁL -1 ) 62 nitrogen, 6 phosphorus, 62 potassium, 7 calcium, 0.5 iron, 0.3 copper, manganese, and zinc and 0.1 boron and molybdenum (MSU Well Water Special; GreenCare Fertilizers, Inc., Kankakee, IL).
Petunia and Rudbeckia were transplanted on 15 Oct. and 29 Oct., respectively, and Campanula and Coreopsis were transplanted on 29 Nov. into 12-cm (591-mL) round plastic pots filled with a commercial peat and perlite medium (Suremix; Michigan Grower Products, Inc., Galesburg, MI) and then were transferred to NI treatments. At transplant, seedlings of Campanula, Coreopsis, Petunia, and Rudbeckia had a mean leaf number of eight, 10, eight, and six, respectively. All species were thinned to one seedling per plug cell on the day of transplant.
Night-interruption treatments. NI lighting was delivered from 2230 to 0230 HR by either a 600-W rotating HPS lamp (Beamflicker; Parsource, Petaluma, CA) or 60-W INC lamps (Philips). The rotating HPS lamp was mounted 3.5 m above greenhouse benches at one gable end of the greenhouse, and 10 plants of each species were grown at each of five mean lateral distances from under the lamp: 1, 4, 7, 10, or 13 m. At each distance, plants were positioned in straight lines perpendicular to the lamp. The maximum PPF measured at plant level, as reported by Blanchard and Runkle (2009) , decreased exponentially as the lateral distance from the rotating HPS lamp increased. At a lateral distance of 1, 4, 7, 10, or 13 m from the lamp, the maximum PPF was 25.4, 9.8, 2.4, 0.8, or 0.3 mmolÁm 43°N) , and the calculated time from sunrise to sunset ranged from 9 to 12 h during the experiment.
Greenhouse environment. All plants were grown in a glass-glazed greenhouse at a constant temperature set point of 20°C. Supplemental lighting was provided to all treatments from 0800 to 1700 HR by HPS lamps that delivered a PPF of 60 to 90 mmolÁm -2
-1 at plant height. The HPS lamps were operated by an environmental computer and were turned on when the outside light intensity was less than 185 mmolÁm -2
-1 and turned off at greater than 370 mmolÁm -2 Ás -1 . Line quantum sensors (Apogee Instruments, Inc.) were positioned at plant height at 1, 7, 10, and 13 m from the rotating HPS lamp, under CONT INC, and under the 15-h skotoperiod. They measured the PPF every 10 s, and hourly averages were recorded by a CR10 data logger (CR10; Campbell Scientific, Logan, UT). The mean photosynthetic daily light integral measured at each location ranged from 6.7 to 7.6 molÁm -2 Ád -1 . On each bench, air temperature was measured by an aspirated thermocouple [36-gauge (0.127-mm diameter) type E] every 10 s, and hourly averages were recorded by a data logger. The actual MDT under all treatments ranged from 19.5 to 20.6°C. For treatments with black cloth (control plants and INC NI lighting), a data logger controlled a 1500-W electric heater that provided supplemental heat during the night when the air temperature on each bench was less than 18.9°C. Plants were irrigated as necessary with reverse osmosis water supplemented with a water-soluble fertilizer providing (mgÁL -1 ) 125 nitrogen, 12 phosphorus, 100 potassium, 65 calcium, 12 magnesium, 1.0 iron and copper, 0.5 manganese and zinc, 0.3 boron, and 0.1 molybdenum (MSU RO Water Special; GreenCare Fertilizers, Inc.).
Data collection and analysis. Plants were randomly assigned to treatments containing 10 plants each. On the day of transplant, the number of nodes was counted on each plant, and in all species except Petunia, the date of first macroscopic visible flower bud or inflorescence (subsequently referred to as VB) was recorded. VB was defined as the stage at which a flower bud or inflorescence became visible without dissection. Date of flowering was recorded for each plant when the first flower opened. Coreopsis and Rudbeckia were considered flowering when at least 50% of the ray flowers of an inflorescence were reflexed and Campanula and Petunia were considered flowering when one flower had opened. At flowering, the total number of VB, plant height (from media surface to the base of the first open flower), and number of nodes below the first flower were recorded. Petunia that did not develop a VB within 12 weeks and Campanula, Coreopsis, and Rudbeckia that did not have a VB within 16 weeks from the start of treatments were considered nonflowering. Time to VB and total time to first flower and node count increase were calculated for each plant. Data were analyzed with the SAS (Version 9; SAS Institute, Cary, NC) mixed model procedure (PROC MIXED), and pairwise comparisons between treatments were performed with Tukey's honestly significant difference test at P # 0.05. Pearson correlation coefficients were determined for the relationship between time to flower and plant height using the SAS correlation procedure (PROC CORR).
Calculation of operating costs. The electricity and lamp costs to deliver a 4-h NI in a 139-m 2 greenhouse (9.14 · 15.24 m) with either 40 100-W CONT or cyclic (6 min every 30 min) INC lamps or one 600-W rotating HPS lamp were compared. The INC lighting system consisted of five rows of lamps with eight lamps per row at 1.8-m spacing and 1.8 m above the bench. This INC lighting design provides one 100-W lamp per 3.5 m 2 , which is consistent with recommendations for the design of a photoperiod lighting system using INC lamps (Bickford and Dunn, 1972; Canham, 1966; Nelson, 2003) . The rotating HPS lamp was connected to a 600-W electronic ballast (LK6120; Lumatek, Novato, CA). The amperage used to operate each lighting system with an input of 120 V was measured with a digital clampon meter (DL289; Universal Enterprises, Beaverton, OR) after lamps had been turned on for 15 min. Purchase costs for a 100-W INC (100A/Soft White; SLI Lighting, Mullins, SC) and 600-W HPS (LU600; EiKO, Shawnee, KS) bulb were obtained from a commercial electrical supplier (Light Bulb Emporium, Englishtown, NJ) and were $0.48 and $26.76, respectively. Electrical cost was assumed to be $0.10 kWÁh 
Results
Campanula carpatica 'Pearl Deep Blue'. All plants except those grown under a 9-h photoperiod developed a VB in 31 to 45 d (Fig. 1A) . As the distance from the rotating HPS lamp increased from 1 to 13 m, time to VB and flower increased linearly. Plants at 13 m from under the rotating HPS lamp developed a VB and flowered a mean of 11 to 14 d later than plants under CONT INC. There was no difference in time to VB or flower among plants grown under cyclic INC and at lateral distances of 1 to 10 m from the rotating HPS lamp. Plants at 1 and 4 m from the rotating HPS lamp had 58% more or greater flower buds than plants under CONT or cyclic INC or at 10 and 13 m from the rotating HPS (Table 1) . As the distance from the rotating HPS lamp increased from 1 to 13 m, plant height at flower decreased linearly from 47.3 to 33.9 cm. Plants under CONT INC were a mean of 3.9 cm taller than plants at 10 or 13 m from the rotating HPS lamp. There was a correlation (P # 0.001) between time to flower and plant height; as flowering time increased, plant height decreased. There were no significant differences in node number increase among treatments.
Coreopsis grandiflora 'Early Sunrise'. None of the plants flowered under a 9-h photoperiod, whereas 80% or more of plants had a VB and flowered under the NI treatments. Plants under CONT INC developed a VB and flowered 14 to 43 d earlier than plants grown at all lateral distances from under the rotating HPS lamp (Fig. 1B) . There was no difference in time to VB and flower between CONT and cyclic INC. Plants grown at 1 or 4 m from the rotating HPS lamp had a mean of 14 to 17 more inflorescences at flower than plants under CONT or cyclic INC (Table 1) . As the distance from the rotating HPS lamp increased from 1 to 13 m, mean plant height at flower decreased linearly from 47.3 to 33.9 cm and inflorescence number decreased linearly from 29 to 18. Node number increase ranged from 11 to 13 and was similar among treatments.
Petunia 'Easy Wave Coral Reef'. All plants that received NI flowered, whereas only 20% of plants flowered when grown under the 9-h photoperiod. As the lateral distance from under the rotating HPS lamp increased from 1 to 13 m, time to flower increased linearly from 40 to 52 d (Fig. 1C) . Plants under CONT INC or at 1 to 10 m from under the rotating HPS lamp flowered a mean of 10 to 16 d earlier than plants under cyclic INC or at 13 m from the rotating HPS lamp. Flower number was greatest under the CONT INC or at 1 to 7 m from under the rotating HPS lamp and decreased linearly as distance from the rotating HPS lamp increased (Table 1) . Mean plant height at flower decreased linearly as the distance from under the rotating HPS increased from 1 to 13 m. Plants under CONT INC were a mean of 6.1 to 9.6 cm taller at flower than all other plants except those grown at 1 m from the rotating HPS lamp. Plant height was negatively correlated (P # 0.001) with time to flower. Node number of flowering plants was similar among treatments. Rudbeckia hirta 'Becky Cinnamon Bicolor'. All plants except those grown under a 9-h photoperiod developed a VB and flowered (Fig. 1D (Table 1 ). All plants developed a mean of six to eight nodes, and there were no significant differences among flowering plants.
Operating costs. We estimate that a 4-h NI delivered from 40 100-W INC lamps operated continuously had an electrical consumption of 112 kWÁh -1 per week, whereas 40 100-W cyclic INC lamps or one rotating HPS lamp consumed 22.4 and 18.8 kWÁh -1 per week, respectively ( Table 2 ). The total operating cost per week, including electricity and bulb costs, electrical consumption, and bulb lifespan, was calculated to be $11.56, $2.31, and $1.92 for CONT INC, cyclic INC, and rotating HPS, respectively.
Discussion
All C. carpatica 'Pearl Deep Blue', C. grandiflora 'Early Sunrise', and R. hirta 'Becky Cinnamon Bicolor' grown under the 9-h photoperiod were vegetative after 16 weeks, indicating that these species are qualitative LD plants. When grown under SDs, all plants remained as a rosette, which is consistent with other photoperiod studies with these species (Blanchard and Runkle, 2009; Harkess and Lyons, 1994; Runkle et al., 1998; Whitman et al., 1998) . Twenty percent of P. ·hybrida 'Easy Wave Coral Reef' flowered under the 9-h photoperiod and those plants flowered 34 d later than plants under CONT INC. In a similar study, all 'Easy Wave Coral Reef' grown under a 9-h photoperiod flowered within 57 d, but flowering was delayed by 13 d and plants had 34 fewer flower buds than those grown under CONT INC (Blanchard and Runkle, 2009 ). These results suggest that P. ·hybrida 'Easy Wave Coral Reef' is a quantitative LD plant but horticulturally could be considered a qualitative LD plant.
At all lateral distances from under the rotating HPS lamp, at least 80% of the plants within each species perceived the NI as an LD as indicated by the promotion of flowering. These results are consistent with those of Blanchard and Runkle (2009) , who reported that the same LD species grown under NI from a rotating HPS lamp had characteristic LD growth habits (e.g., upright leaves and elongated stems) within 28 d. Therefore, the maximum light intensity measured at a lateral distance of 13 m from the rotating HPS lamp (%0.3 mmolÁm
) is apparently above the threshold irradiance value to elicit a photoperiodic flowering response in these LD species, even when delivered cyclically (Summerfield and Roberts, 1987) . However, flowering was delayed by 14 to 31 d in plants grown at 13 m from the rotating HPS lamp compared with that of plants grown under CONT INC. Whitman et al. (1998) calculated that the threshold irradiance for flowering in C. grandiflora 'Early Sunrise' and C. carpatica 'Blue Clips' grown under a 7-h day extension from a stationary HPS lamp was 0.05 to 0.1 mmolÁm . Plants of C. grandiflora 'Early Sunrise' and R. hirta 'Becky Cinnamon Bicolor' flowered 8 to 31 d earlier when grown under a 4-h NI delivered continuously from INC lamps compared with that of plants grown at all lateral distances from the rotating HPS lamp. The different flowering responses between light sources could be attributed to the illumination frequency, spectral distribution of the lamp, or both. Flowering in LD plants is generally enhanced when the photoperiod has a moderate to low red (R, 600 to 700 nm) to far-red (FR, 700 to 800 nm) ratio Vince-Prue, 1975) . Thus, lamps that emit a low R:FR (e.g., INC) can be more effective in promoting flowering in some LD species than lamps with a higher ratio (e.g., cool-white fluorescent) (Cathey and Campbell, 1975; Downs and Thomas, 1982; Lane et al., 1965) . Padhye and Runkle (2009) reported that a 4-h NI delivered continuously from compact fluorescent Petunia that received NI from CONT INC were 60% to 143% taller than plants grown at 4 to 13 m from under the rotating HPS. Blanchard and Runkle (2009) reported that Petunia grown under NI from CONT INC were 68% to 169% taller at flower than plants grown under rotating HPS. The increased stem elongation under CONT INC could be caused by the increased exposure of the lower R:FR ratio compared with that of the cyclic lighting treatments. FR light promotes stem elongation and plant height is suppressed under an environment with a high R:FR ratio ). Previous studies with photoperiodic lighting have also reported greater stem elongation under INC lamps compared with HPS lamps (Cathey and Campbell, 1975; Whitman et al., 1998) . Interestingly, petunia was substantially shorter at flowering under cyclic INC compared with CONT INC, which suggests that the R:FR and duration of exposure to the ratio influence stem extension.
A cyclic lighting system can be used to reduce electrical consumption or to provide greater coverage of the growing area when the capacity of the electrical system is limited (Bickford and Dunn, 1972; Nell and Joiner, 1980) . We estimate that a 4-h NI delivered from 40 100-W INC lamps operated cyclically (20% on) or one 600-W rotating HPS lamp consumed five to six times less electricity than INC lamps operated continuously. HPS ballasts are considerably more efficient at converting electrical energy to light compared with INC lamps (Bickford and Dunn, 1972) . For example, according to the manufacturer's specifications for new lamps, a 600-W HPS lamp with an electronic ballast emits a PPF of 1.6 mmolÁm -2
Ás
-1 per watt of electricity, whereas a 100-W INC lamp produces only 0.3 mmolÁm -2
-1 per electrical watt. Therefore, because of the greater energy efficiency of HPS lamps and the increased growing area that can be lighted with an oscillating parabolic reflector, operating costs per week are estimated to be 83% lower with one rotating HPS compared with 40 CONT INC lamps. However, purchase, maintenance, and installation of each lighting system should also be considered.
We conclude that a rotating HPS lamp operated continuously during a 4-h NI was effective at promoting flower induction in these LD species and consumed less energy compared with INC lamps operated continuously. However, when the maximum NI light intensity received from a rotating HPS lamp was less than 2.4 mmolÁm -2 Ás -1 , flowering was either delayed or VB number at flowering was reduced in some species compared with plants under higher NI light intensities. We believe that flowering uniformity in a population of plants grown under rotating HPS would be acceptable for commercial production as long as the light intensity is above this value. Additional rotating HPS lamps would be necessary if the coverage of the growing area was not adequate. Table 2 . Comparison of operating costs (US$) to deliver 4-h night interruption (NI) lighting regimens in a 139-m 2 greenhouse from 100-W incandescent (INC) lamps operated continuously for the entire NI (CONT INC) or for 6 min every 30 min for a 4-h period (cyclic INC) or from a stationary 600-W highpressure sodium (HPS) lamp with an oscillating parabolic reflector (rotating HPS 
